Abstract Primary bone tumors are rare, but their treatments have enjoyed considerable improvements in life expectancy because of chemotherapy. When combined with advances in surgery, patients can now expect lives and limbs to behave with greater longevity and normality. The challenge now is how to raise the plateau of survival, and that means finding a successful way to treat metastatic or unsalvageable local disease. It is clear that conventional chemotherapy has limitations and that the answer may lie in a better understanding of the intricate molecular workings of cancer and the pathways that lead to the latter's growth, invasion, and dissemination. There have been great strides made in dissecting out the metastatic cascade with numerous important pathways and molecular switches identified. This has led to the introduction of a number of new drugs and molecules aimed at targeting the molecular vulnerabilities of cancer, allowing greater control of growth, invasion, and metastasis. Some of these have had a large impact on musculoskeletal malignancies. Future successes in treatment will require multimodal targeting of tumors whose signatures will be a composite of histologic and molecular markers that will pave the way for personalization of treatment strategies.
Introduction
A primary bone tumor's local extent or its predilection for systemic spread determines how its treatment is addressed. The challenge of treating bone tumors is the removal of the tumor in its entirety, which has implications for local and systemic disease. For local tumors, this will require resection with as low a risk of recurrence as is possible, and the aggressiveness of the approach will be dependent on the tumor's benign or malignant status. For tumors with systemic spread, this almost always implies malignancy, and the foundation of treatment is chemotherapy. Osteosarcoma is the archetypal primary malignant bone tumor (sarcoma) around which treatment strategies have been developed and applied to other histological types. This review examines the development of multimodality care and novel strategies based on limb sparing techniques and targeted molecular processes for the management of malignant tumors of bone.
total removal of the tumor. Surgery, as applied to the primary tumor, is a critical component of treatment. Prior to the 1970s, the sole surgical treatment was amputation of the affected limb. Despite this, however, the survival rate for osteosarcoma was dismal, with the majority of patients succumbing to distant metastases despite ablative surgery. This led to the ''Cade'' protocol, whereby patients with osteosarcoma were treated with local radiotherapy and those who survived 12 months were then subjected to amputation [2] . The advent of chemotherapy (see below) gave rise to the era of limb-sparing surgery, led historically by allograft arthrodesis after resection in the skeletally mature and rotationplasty in the lower limb for tumors about the knee in the pediatric age group. Later advances in joint arthroplasty gave rise to more complex reconstructions including mega-prosthetic replacements.
Principles
With the birth of limb-sparing surgery, came the establishment of the principles of sarcoma surgery. These included (1) Resection with oncologic margins (2) Reconstruction should be durable and allow a functional limb (3) Closure of the soft tissue defect must be possible
Margins
Initially, the accuracy of imaging techniques limited surgeons' abilities to accurately assess (1) the soft tissue component and its relationship to vital neurovascular and surrounding soft tissue structures, (2) the intraosseous extent of the tumor, and (3) the amount of bone destruction. Because of this, early attempts at limb-sparing surgery were associated with high recurrence rates underscoring the importance of oncologically sound surgical margins. With a classification of gross surgical margins available [3] , surgeons were soon able to start planning tumor resections and the necessary reconstructions required to preserve a functional limb. Typically, the margins were widely clear of the tumor, but, as improvements in diagnostic imaging and adjuvant therapy took place, surgeons were able to achieve good local control of disease with margins that were considerably narrower than first recommended. With greater experience and the maturation of the concept of limb-sparing surgery, newer classification systems highlighted the relationship between tissue type and the quality of surgical margins [4] . More recently, optimal adjuvant therapy, such as with ionizing radiation or chemotherapy, has led to the concept of microscopic margins [5] .
Reconstructions
Over the last 30 years, reconstructions after sarcoma resection have been prosthetic and biologic, or the combination of these [6] . With increasing experience, the success of these reconstructive techniques has increased, although advances as such have been more in terms of the complexity of the cases to which these techniques have been applied rather than significant paradigm changes in prostheses (Fig. 1) . Not withstanding this, the pursuit of limb-sparing surgery also meant a conscious move to preserve bone stock as surgeons realized that patient survival placed greater demands on the limb, and preserving the limb either through a durable reconstruction or maintaining the opportunity for further procedures usually mandated good bone stock. There has been a move to preserve bone or minimize surgery by the use of non-conventional adjuvant therapies as discussed below.
Extracorporeal Irradiation
Conventional photon therapy is limited to specific histotypes such as Ewing's sarcoma. Osteosarcoma and chondrosarcoma are essentially radioresistant, and the use of radiotherapy in these tumor types is often restricted to palliation. Extracorporeal irradiation (ECI) is a technique whereby resected bone is subjected ex vivo to lethal doses of ionizing irradiation before being replanted. First described in the late 1960s, ECI has seen a resurgence in popularity. This technique calls for resection with oncologic margins, removal of soft tissue and tumor, and then submission to the radiation oncologists for treatment by a single high dose fraction of irradiation (average 50 cGy) over 20 min (Fig. 2) . The equivalent dose is almost 20 times higher than would be subjected to the limb in a preoperative or postoperative setting [7] . Replantation of bone irradiated via this manner then allows intercalary [8] or joint reconstruction [9] . The advantages of ECI include near-perfect anatomic matching of bone with the defect, a low infection rate, and minimal immune-rejection. The results of extracorporeal irradiation have been highly promising with low recurrence rates [9] . Non-union and dissolution are complications of radiation-induced osteonecrosis but seem to be well controlled by rigid and robust internal fixation. More recently, some authors have drawn caution to local recurrence using this method because of the potential for radio-resistance and the survival of more hardy clones of cells, particularly cartilaginous tumors [10] .
Liquid Nitrogen
Immersing the tumor-bearing bone in liquid nitrogen while still maintaining the attachment of the bone to the body is a [11, 12] of the well-established technique of cryotherapy [13] [14] [15] . The extent to which neoplastic tissue is destroyed is similar to extracorporeal irradiation, but has the advantage that the tumorous bone is not truly resected from the body but rather left attached to that part of the limb in which the tumor has arisen. This technique is more suited to tumors adjacent to joints, allowing joint replacement to follow the cryotherapy procedure [12] . Reports of this technique have highlighted a low recurrence rate and an acceptable fracture rate through bone treated via cryotherapy. The use of stemmed implants to reduce the risk of pathologic fracture has been advantageous. A recent finding is that cryotherapy may induce an immunological reaction in tumor tissue that is synergistic with conventional chemotherapy [11, 16] .
Heavy Ion Irradiation
Limited sites around the world offer heavy ion (carbon ions or protons) radiotherapy to sarcoma, which is usually reserved for unresectable disease or after incomplete resection [17] . The efficacy of this technique has been attributed to the higher physical selectivity of heavy ions as compared to photons [18, 19] . When used as a sole modality in unresectable tumors such as chordoma, or in combination with conventional chemotherapy for pelvic or vertebral osteosarcoma, respectable local control rates around 70 % at 3 years and 60 % at 5 years were reported [17, 20, 21 •• ].
Chemotherapy
The efficacy of chemotherapy was first reported in patients with metastatic osteosarcoma [22] and was subsequently applied to other chemo-sensitive bone sarcomas. Translation of this experience to patients with nonmetastatic disease strongly suggested superiority of combined surgery and chemotherapy over surgery alone [23] . Doxorubicin and methotrexate were the first drugs successfully employed for this therapy, and these were later joined by cisplastin and ifosfamide [24] . With the advent of chemotherapy for osteosarcoma, what was previously a fatal disease now saw a profound improvement in survival with the high likelihood for cure in many patients [24] .
The rationale for the move from post-operative chemotherapy (adjuvant) to a pre-operative setting (neoadjuvant) was based on the goal of eradicating micrometastases, destruction of the primary tumor with a reduction in tumor size, and the opportunity to assess the post-surgical specimen for effectiveness of chemotherapy regimes [25] . Neoadjuvant chemotherapy had a significant impact on the modern management of sarcoma. First, the local effect on the primary tumor was to reduce peritumoral edema, incite a fibrous capsule around the extraosseous component, and reduce the size of the tumor in many cases. For tumors such as Ewing's sarcoma, this latter effect may be profound. With advances in imaging, these chemotherapy-induced changes led to a change in the philosophy of tumor surgery from amputation to limbsparing techniques.
Challenge Facing Chemotherapy
Despite the efficacy of chemotherapy, an average of 30 % of patients with extremity osteosarcoma continued to succumb to distant metastases [25] [26] [27] . Predicting who would develop metastases after chemotherapy then became a critical step in the patient's journey. The ability to accurately determine the response of the tumor to the chemotherapy by its percentage necrosis was a significant achievement [28] , and when it was subsequently shown that patients with tumor necrosis greater than 90 % had a better prognosis than patients with less than 90 % tumor necrosis [29] , many believed that intensifying therapy (higher doses, prolonged chemotherapy) in the latter highrisk group would improve cure rates. Disappointingly, no studies to date have concluded any significant benefit from intensifying or altering chemotherapeutic agents [27] . This failure is the impetus behind the global drive to develop newer more targeted therapies for osteosarcoma [30] .
Understanding the behavior of tumors as they grow, progress, and metastasize has provided key information for the development of anti-tumoral strategies. The metastatic cascade [31] , including tumor cell proliferation, cell-cell interactions, tumor-induced angiogenesis, tumor cell chemotaxis, invasion, entry into and emergence from the vascular system, and distant replantation and growth, is highly active in most cancers and has also been well reported in sarcoma. The mechanisms that drive these steps in the cascade are being deciphered and many appear common to a variety of tumor types. The molecular vulnerabilities that these mechanisms pose provide potential targets for novel therapies that may answer the call to improve the survival of sarcoma patients. This journey is not without its pitfalls and, while the elucidation of mechanisms shows promise towards finding solutions to better survival, the myriad of adaptive steps that cancers take and the complex signaling pathway means that no single step in the pathway is likely to be pivotal [32 •• ] .
Targeting the Malignant Phenotype

Angioactive Factors
Vascular Endothelial Growth Factor (VEGF)
VEGF is a nascent protein that stimulates microvascular beds to develop. It plays a significant role in the progression of many cancers by increasing their blood supply bringing nourishment and also a means by which the leading edge of tumor may extend further [33] . A number of antiangiogenic agents exist, such as angiostatin [34] , avastin, and endostatin [35, 36] , which can inhibit the VEGF signaling pathway and abrogate cancer growth. However, the prognostic significance of VEGF and microvascular density in osteosarcoma remains controversial [37, 38 • ]. Some studies [39, 40] found that high VEGF levels correlated with increased risk of metastases, while some reported an absent or even converse relationship [41, 42] .
Pigment Epithelium Derived Factor (PEDF)
PEDF is a 50-kDa multifunctional glycoprotein, which inhibits angiogenesis [33] , and in osteosarcoma does this via inhibition of VEGF and induced apoptosis of endothelial cells through the Fas/FasL death pathway [43] . It has an important cell-cycle regulatory role in cell differentiation, proliferation, and apoptosis [44 •• ] . PEDF is more potent than any of the other known angiogenesis inhibitors being twice as potent as angiostatin and more than seven times as potent as endostatin [45] . In vivo models of PEDF overexpression demonstrated suppression of cancer growth, invasion, and metastases [46] .
A study showed that osteoclast differentiation, receptor activator of N kappa B ligand (RANKL)-mediated survival, and bone resorption activity was inhibited by PEDF in a dose-dependent manner [47] . PEDF upregulated osteoprotegerin (OPG), which naturally blocks OCL maturation in primary osteoblasts and OCL precursor cells [47] . These results suggest that PEDF inhibits OCL function via regulating OPG expression, and thereby contributes to the maintenance of bone homeostasis. This may be another pathway by which PEDF exerts anti-osteosarcoma activity.
Matrix Modulation
Matrix Metalloproteinases (MMPs)
MMPs are physiologic enzymes involved in the breakdown of the extracellular matrix and are important for tissue remodeling and angiogenesis [48] . Excessive production of certain MMPs has been associated with cancer invasion and metastasis [49 • • ], including osteosarcoma [50] . For example, osteosarcoma with positive presence of MMP-9 (gelatinase B) was associated with an overall 5-year survival of 28 % in comparison to 79 % for the negative group [51] . Sulfated glucosamine, histone deacetylases [120] , nitric oxide [121] , and reversion-inducing cysteinerich protein with Kazal motifs (RECK) [52] are substances that can inhibit MMP-9 production and, therefore, reduce invasion and metastasis in cultured cells and animal cancer models.
Reck
RECK is a membrane-bound protein [53] , which is able to inhibit MMP-9, MMP-2, and MT1-MMP [54] . By inhibiting MMPs and possibly VEGF, RECK also has an important regulatory role in angiogenesis [54] . Downregulation of RECK in many common tumors [33] and a number of osteosarcoma cell lines [55] is associated with poor outcome. Kang et al. [55] reported that overexpression of RECK by liposome transfection of SaOS-2 cells (a human OS cell line) have been correlated with reduced cell invasion across a matrigel layer in vitro.
Urokinase Plasminogen Activator (uPA) and Receptor (uPAR) uPA is a serine protease inhibitor which upregulates MMPs and promotes the invasion of tumor [56] . When bound to it, receptor uPA becomes active and is upregulated in many common tumors and linked to poor outcome [57 •• , 58, 59] . In osteosarcoma, an inverse relationship exists between uPA levels and survival time [60] while downregulation of uPAR using antisense clones in an in vivo osteosarcoma model reduced primary growth and inhibition of pulmonary metastases [61] . A combination exposure of uPAR downregulation and PEDF treatment led to a synergistic effect in an animal model of osteosarcoma [62] . uPAR is thought to mediate the action of PEDF [62] .
Immune Modulation
Interferon (IFN)
IFN is a cytokine with antiviral activity that can inhibit viral replication within host cells, activate natural killer cells and macrophages, enhance antigen presentation to lymphocytes, and induce resistance by host cells to viral infection. Because of the theory that some osteosarcoma may be associated with virus induction and that IFN levels are noted to be elevated in peripheral blood of patients with high grade osteosarcoma [63 •• , 64] , IFN has been deployed in trial settings both alone or in combination with chemotherapy [65, 66] .
Studies of IFN-a in combination with etoposide [67] and doxorubicin [68] demonstrated enhancement of p53-dependent apoptosis when deployed in a strategy that targeted osteosarcomas with a functioning p53. Others also showed that IFN-a enhanced Fas-induced apoptosis in sensitized cells by upregulating Fas receptors and caspase-8 [69, 70] . This work underpinned the strategy of combined immunotherapy with IFN-c and anti-Fas monoclonal antibodies or cytotoxic T cells that bore the Fas ligand.
Interleukins (ILs)
ILs are cell signaling cytokines within the immune system. IL-2 is known to facilitate immunoglobulin production by B cells and induce natural killer (NK) proliferation and differentiation [71 • ]. Combined therapy with IL-2 and chemotherapy delivered in a neoadjuvant and adjuvant setting led to increased counts of NK, which correlated with clinical outcome [72] . IL-2 may have a role in guarding against surgery-induced metastases because it facilitated the strategic localization of NK cells around a tumor.
Established tumors are complex structures, which consist of neoplastic and non-transformed cells. These latter cells include stromal cells, and vascular tree and immune cells. The feature that characterizes the immune cells in tumors is their dysregulation and functional impairment. Strategies that aim to reprogram this aberrant microenvironment might dramatically augment cancer therapies [73] . A better understanding of the cellular constituents of tumors and the mechanisms involved in immune evasion may help guide the next generation of innovative cancer immunotherapies.
GM-CSF
GM-CSF enhances antibody-dependent cellular toxicity, and, when deployed in various tumor models, enhanced the immune response to tumor vaccines as well as NK cell function [74, 75 •• ]. When used together with chemotherapy in soft tissue sarcoma, GM-CSF improved survival in some early studies of adult patients [76] . This finding, however, should be accepted cautiously as a more recent systematic review found that, on the basis of the available evidence, high-dose chemotherapy with growth factor or autologous bone marrow/stem cell transplantation demonstrated no meaningful improvement, such that authors recommended against routine treatment of patients with inoperable, locally advanced, or metastatic soft tissue sarcoma with high-dose chemotherapy with growth factor [75] .
The role of aerosolized GM-CSF in metastatic disease is not new. Work with pulmonary metastases from a range of cancers, including renal carcinoma, melanoma, and Ewing's sarcoma, showed partial efficacy [77, 78] , and a strategy that delivers aerosolized GM-CSF to the lungs in an experimental animal model demonstrated an inhibitory effect on pulmonary metastases of osteosarcoma [79] . A Children's Oncology Group (COG) trial is currently in progress in pediatric patients.
MTP-PE
MTP-PE is a synthetic lipophilic analog of muramyl dipeptide, a cell wall component of mycobacterium, which is able to stimulate monocytes and macrophages [80] . When encapsulated in liposomes, MTP-PE is preferentially delivered to pulmonary macrophages. Its role as an adjuvant strategy for osteosarcoma has been previously demonstrated [80] . Recently, COG carried out long-term follow-up of the key trial of chemotherapy with or without mifamurtide (liposomal muramyl tripeptide phosphatidyl ethanolamine; L-MTP-PE) [81] . This group demonstrated that addition of L-MTP-PE to chemotherapy significantly improved overall survival at 6 years from 70 % with chemotherapy alone to 78 % with chemotherapy and L-MTP-PE (p = 0.03). L-MTP-PE has also been utilized in highrisk, metastatic, or recurrent osteosarcoma. When the metastatic cohort was considered in isolation, the addition of liposomal MTP-PE to chemotherapy did not achieve a statistically significant improvement in outcome [82] . However, the pattern of outcome was similar to the pattern in non-metastatic patients.
Tumor Suppressor Gene Therapy p53
Tumor-suppressor gene p53 and its protein product play an important role in the inhibition of most tumors' formation and growth including suppression of metastasis and inhibition of new blood vessel development [83] . The tumor suppressor genes, p53 [84] and retinoblastoma (Rb) [85] , are pivotal in preventing tumorigenesis, and loss of p53 and Rb functionality can be detected in many sarcomas including osteosarcoma. The inactivation of this gene results in the loss of cell cycle and repair mechanism, and a loss of antiangiogenesis. A number of functional p53 mutations have been identified [86] . Although sporadic, germline p53 mutations do occur rarely and the Li-Fraumeni syndrome is well described [87 
The efficacy of p53 gene therapy in a human OS cell line in vivo model using a transferring-modified cationic liposome or polyethyleneimine-p53 complexes, resulted in a significant inhibition of tumor growth [88] and suppression of established human osteosarcoma lung metastases [89] . Recent work with murine models reported the antitumor effect of adenoviral vector-mediated p53 gene transfer on the growth of canine osteosarcoma [90] .
Genetic techniques have also been useful for reverting chemoresistance [91, 92] , acting synergistically with chemotherapy [93] , improving delivery [94] , and increasing sensitivity of tumor cells to chemotherapy [95] [96] [97] . While these and other studies are highlighting the benefits for gene therapy as a future modality, overcoming potentially the most important barrier, poor transfection efficiency, needs to occur for gene therapy to be adopted into practice.
Suicide Gene Therapy
Suicide gene therapy was shown to be effective when the adenoviral vector Ad-osteocalcin (OC)-E1a (OCap1), which contains a murine OC promoter, facilitated viral replication and subsequent tumor lysis in vitro [98] . Since that time, advancement of suicide gene therapy has advanced significantly, and a recent study reported that Rexin-G, a nonreplicative pathology-targeted retroviral vector bearing a cytocidal cyclin G1 construct, was tested in a Phase I/II study for gemcitabine-resistant pancreatic cancer. This demonstrated a dose-dependent efficacy [99] . Work with neuroendocrine tumors, gliomas, and osteosarcoma show similar efficacy [100] [101] [102] . Although there is a growing interest in the use of suicide gene therapy for osteosarcoma, what continues to be highlighted are the use of replication-incompetent viruses in achieving complete tumor kill in vivo, viral-induced toxicity in the host, and vector delivery issues [103] .
Cell Signaling
ErbB-2
ErbB-2 or Her-2/neu is a transmembrane glycoprotein produced by the c-erbB-2 gene and plays a significant role in the pathogenesis of breast cancer, but its role in OS is still controversial [33] . Recent studies suggest that this signaling pathway does regulate invasion and migration in vitro [104] . Some studies found that the presence of ErbB-2 protein in OSs significantly correlate with reduced survival, increased metastases, and poor outcome [105, 106] . However, another study concluded conversely. Herceptin, a drug blocking ErbB-2, has been used successfully in breast cancer clinically and in other cancers in vitro [9] . Herceptin is a humanized monoclonal antibody that acts on the HER2/neu (erbB2) receptor, which targets the epidermal growth factor receptor 2. A clinical trial of herceptin in osteosarcoma is in progress [139] .
Ezrin
Ezrin is a protein having roles in cell-cell interactions, signal transduction, and linkage between actin filament and the cells membrane [107] . Upon upregulation, it leads to metastasis. In pediatric osteosarcoma patients, increased ezrin expression is associated with reduced disease-free intervals [108] . It was found that downregulation of ezrin expression in a mouse model of human OS resulted in pulmonary metastasis inhibition through the MAPK signaling pathway [108] . Wan et al. [109] have used rapamycin to inhibit ezrin-mediated pathways, leading to reduced lung metastasis in a mouse model of osteosarcoma.
Parathyroid Hormone-Related Peptide (PTHrP)
PTHrP and its receptor (PTHR1) are known to be involved in tumor progression, bone metastases, and hypercalcemia due to malignancy [9] . The PTHrP/PTHR1 system has diverging actions on tumor progression, involving progression or inhibition depending perhaps on whether ligand or receptor is upregulated. Overexpression of PTHrP in a rat OS cell line (osteoblastic) was found to reduce cell proliferation by 80 % [110] . However, over-expression of PTHR1 in the HOS OS cell line resulted in the increased proliferation, motility, and invasion of cells through Matrigel [111] .
c-Jun
c-Jun is an oncogene encoding a basic region-leucine zipper protein [112] which, in combination with c-Fos protein, forms the activator protein-1 early response transcription factor [113] . c-Jun DNA enzyme (DNAzyme) encapsulated in a cationic multilamellar vesicle liposome inhibited the growth and metastasis of osteosarcoma in an orthotopic spontaneously metastasizing model of the disease [114, 115] . c-Jun DNAzyme nanoparticle formulated from chitosan was also found to be more active against osteosarcoma cells, inducing apoptotic cell death in these cells [116] . When delivered in combination with doxorubicin, c-jun DNAzyme inhibited the growth and metastasis of pre-established tumors, [117] . c-Jun knockdown chemosensitized these cells to doxorubicin treatment.
Insulin-Like Growth Factor (IGF)-1
IGF-1 signaling is a known mediator of bone growth [118] and is one of most potent natural activators of the AKT and MAPK signaling pathways relevant in the development, growth, survival, and progression of cancer [119, 120] . Its receptor is present on clonal osteosarcoma and Ewing's cells [121, 122] , and IGF-1 has been implicated in the growth and/or metastasis of osteosarcoma in vitro and in vivo [123] . These characteristics, together with the association between the period of rapid growth during adolescence and the occurrence of osteosarcoma, implicate IGF-1 and its receptor as a potential target for inhibition. Several Phase II studies have demonstrated the safety and efficacy of a strategy to inhibit IGF-1 receptor with monoclonal antibodies in solid tumors including bone and soft tissue sarcomas [124, 125] .
P-Glycoprotein
P-glycoprotein (P-gp) is a protein responsible for energydependent drug efflux and is encoded by the multiple drugresistant-1 (MDR-1) gene [126] . P-gp is known to have a critical role in the multi-resistance of human osteosarcoma [127] . A study showed that P-gp was responsible for cancer cell resistance to doxorubicin as a single agent post-operatively, leading to an even worse survival time compared to patients with negative P-gp tumors [128] . This appeared to conflict with a study that showed that MDR-1 levels and not P-gp correlated with prognosis with Ewing's sarcoma [129] . A prospective study examining outcomes of patients with localized high-risk soft tissue sarcoma of limbs and trunk wall reported that it was the relative level of MDR-1/P-gp that was prognostic [130] . A recent study showed that siRNA downregulated MDR1 mRNA expression by 50 % in breast carcinoma and osteosarcoma cell lines and significantly inhibited tumor cell proliferation up to 90 % (p \ 0.01) when co-administered with doxorubicin or methotrexate, despite the known chemoresistance of the cell lines [131] . These results suggest the potential clinical application of anti-MDR1 siRNA to restore chemosensitivity and possibly improve the therapeutic ratio of these cytotoxic drugs.
Chemokine Receptor CXCR4
CXCR4 and its corresponding ligand, stromal cell-derived factor 1 (SDF-1), play a major role in the metastatic process [132] . It has been found that the CXCR4/SDF-1 system significantly correlates with the presence of metastases in a number of tumors. In osteosarcoma, the increase of CXCR4 mRNA expression leads to reduced overall survival and correlates with the presence of metastases at diagnosis [133] . Therefore, CXCR4 is a potential target for chemotherapy. Perissinotto et al. [134] used T134 peptide to inhibit the CXCR4 site in a mouse model, resulting in the elimination of lung metastases in all the tested mice.
mTOR Inhibition
Another promising approach is the use of mammalian target of rapamycin, (mTOR). mTOR, a member of the phosphoinositide-kinase family, is a key component of the phosphoinositide 3-kinase or Akt signaling pathway that mediates cell growth and proliferation [135] . mTOR inhibitors, derived from rapamycin, are active against tumor cells by blocking mTOR activity leading to inhibition of cell growth and have shown activity against osteosarcoma [136] . A preclinical trial study showed activity of mTOR inhibitors against sarcoma cell lines [109] . These studies have led to Phase II studies of the mTOR inhibitor ridaforolimus in patients with advanced bone and soft tissue sarcomas [137 •• ] .
Heat-Shock Protein (HSP90)
HSP 90 is a chaperone protein involved in many cellular survival pathways including regulating the stability, activity and intracellular sorting of its client proteins, which are involved in multiple oncogenic processes [138] . These HSP90 dependent proteins maintain the malignant phenotype through specific functions including signal transduction (i.e., mutant epidermal growth factor receptor), angiogenesis (i.e., vascular endothelial growth factor), anti-apoptosis (i.e., AKT), and metastasis (i.e., matrix metalloproteinase 2 and CD91) [139] . Because of these specific functions, HSP90 has emerged as a viable target for antitumor drug development [139] . Development of HSP90 inhibitors has led to preclinical and clinical data with HSP90 inhibitors in various cancer models. These studies appear promising, and hint at the potential for tumor-selective cytotoxicity as well as enhanced sensitization to chemo-and radiotherapy [140 
Anti-osteoclastic Agents
Bisphosphonates
Osteoclasts have drawn attention as a therapeutic target in various bone disorders including osteosarcoma. The dynamic relationship between osteoblasts and osteoclasts, mediated by the RANK/RANKL/OPG system, is thought to be central in the recruitment of osteoclast and osteoclast action by osteosarcoma. This tight relationship makes osteosarcoma an ideal candidate for osteoclast-targeted therapy [ 
Bisphosphonate, a potent anti-osteoclastic agent, was shown to have in vitro anti-tumor activity in a rat clonal osteosarcoma cell line [142] . Minodronate, incadronate [143] , risedronate [144] , and zoledronic acid [145] are a class of new nitrogen-containing bisphosphonates, which have demonstrated in vitro inhibitory activity on human OS cell growth. Bisphosphonates action is now thought to be through the induction of apoptosis [146, 147] . Bisphosphonates such as risedronate and zoledronic acid have also been shown to have a synergistic effect when delivered in combination with carboplatin, doxorubicin, vincristine, or etoposide in vitro. [144, 148, 149] . The bisphosphonate drug alendronate was able to suppress bone remodeling and tumor osteolysis in canines with osteosarcoma [150] . In vivo studies using a mouse osteosarcoma model have also demonstrated growth suppression of the primary tumor and a reduction in the development and burden of pulmonary disease following treatment with zolendronate [151] . However, others using the same system noted only an anti-osteolytic effect on osteosarcoma but not an antimetastatic effect [152] . These in vitro data have raised great interest in the adjuvant role of bisphosphonates in the management of malignant bone tumors [153, 154] .
RANK-Fc
RANK-Fc is a recombinant RANK-L antagonist that is formed by fusing the extracellular domain of RANK to the Fc portion of human immunoglobulin G(1), [hIgG(1)]. It has shown a variety of anti-neoplastic activities targeting tumors that are osteolytic such as myeloma [155] . More recently, in an orthotopic mouse model of osteosarcoma, subcutaneous delivery of RANK-Fc reduced lung metastases, preserved bone structure, and reduced osteoclast formation, bone resorption, and RANKL-induced antiapoptosis [156] . The mechanism of action was thought to be through inhibiting ERK activation and evoking caspase-3-mediated anoikis in human osteosarcoma cells [157] .
Denosumab
Denosumab is a fully humanized antibody with a strong affinity for RANKL. Its inhibitory effect has been utilized for the management of postmenopausal osteoporosis and the bone destruction from metastatic disease [158] . Interest in bone tumors has been not only for metastatic disease [159] , for which it has been shown to be very effective, but also for its impact on quality of life and pain control, which it has been shown, in three large series, to be superior to zoledronic acid [160] . Denosumab has recently been used in giant cell tumor of bone and shown to be associated with tumor responses characterized by ossification, reduction in the size of the soft tissue component, and almost complete absence of giant cells and the mononuclear stromal cell (Fig. 3) . As a result of the use of denosumab, this study reported a reduction in the need for morbid surgery in patients with giant cell tumor of bone [161] .
Conclusions
Treatment of primary musculoskeletal malignancies has enjoyed considerable success since the advent of chemotherapy with survival improving from a universally fatal condition to one where the 5-year survival approximates 75 %. Advancements in imaging and surgery have altered the surgical paradigm such that patients may rightfully expect limb preservation as a primary outcome. This has led to the establishment of a multidisciplinary approach that is now de rigeur, and which strives for greater longevity and normality from life and limb. The biggest challenges now are the management of locally unresectable lesions and the advent of metastases.
Coincident with these improvements has been a better understanding of the nature of cancer as researchers move from defining the gross to the molecular behavior of these tumors. The world of molecular targeted therapy has highlighted the complex pathways, which malignancies take to abrogate the body's defenses. Discoveries of important molecular switches that once triggered may result in profound tumor inhibition has led to some optimism about a ''magic bullet'' for cancer. This is a long way off, and most likely will rely on a combination of bullets.
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